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Description 

Superlens and a method for making the 

same 

Cross Reference to Related Applications 

[0001] This application is related to U.S. Patent Application Serial 
No. 10/083,674, "Integrated Planar Composite Coupling 
Structures for Bi-directional Light Beam Transformation 
Between a Small Mode Size Waveguide and a Large Mode 
Size Waveguide, "filed October 22, 2001, in the names of 
Yan Zhou and Seng-Tiong Ho, the disclosure of which is 
incorporated herein by reference. This application is also 
related to a pending U.S. Patent Application filed with U.S. 
Patent Application serial No: 10/651,372, entitled "Optical 
Beam Transformer Module for Light Coupling between a 
Fiber Array and a Photonic Chip and the Method of Making 
the Same, "filed in the names of Yan Zhou, Shide Cheng 
and Seng-Tiong Ho, the disclosure of which is incorpo- 
rated herein by reference. This application is also related 
to a pending U.S. Patent ApplicatPatent Application filed 



with U.S. Patent Application serial No: 10/652,269, enti- 
tled "Varying Refractive Index Optical Medium Using At 
Least Two Materials With Thicknesses Less Than A Wave- 
length", filed in the names of Yan Zhou and Seng-Tiong 
Ho. All of the patents, patent applications, and references 
in this patent application (including those above) are in- 
corporated by reference in their entirety for all purposes. 
Background of Invention 

[0002] The present invention relates to structures that enable 

electromagnetic beam transformation or spot size conver- 
sion between a large-mode-size and a small-mode-size, 
and methods of making the same. In particular, the 
present invention relates to optical structures having an 
effective Graded Refractive Index (GRIN) distribution in the 
vertical direction perpendicular to the optical axis of light 
propagation, and a lens shaped optical interface structure 
perpendicular to the direction of light propagation. 

[0003] | n photonics chip industry, one of the basic processes is 
the transformation of a light beam from a large size to a 
small size (or vice versa) between two optical waveguides 
of different mode sizes. However, the light coupling effi- 
ciency between the two optical waveguides involved in 
this basic process is generally low. There are a few com- 



monly used approaches in the present state of the art to 
make a lens structure that addresses the above needs. 
[0004] one approach involves using the property of light refrac- 
tion at an optical interface. By making an optical medium 
such as a glass into a certain shape such as a ball or 
sphere, a lens can be made to focus a light beam. US 
patent number 6026206, titled "Optical coupler using 
anamorphic microlens", is an example of one such ap- 
proach. 

[0005] Another approach to address the needs is to create a GRIN 
distribution of an optical medium. Due to the GRIN distri- 
bution, the light beam bends as it travels inside the 
medium. This property is used in achieving light focusing. 
A commonly used example is an axially symmetric GRIN 
rod lens, which is used for collimating a light beam emit- 
ted from a single mode fiber. US patent number 6267915, 
titled "Production Method for Objects with Radially- Vary- 
ing Properties" US patent number 6128926, titled "Graded 
Index Lens for Fiber Optic Applications and Technique of 
Fabrication"and US patent number 6172817, titled 
"Graded Index Lens for Fiber Optic Applications and Tech- 
nique of Fabrication", are a few examples of this ap- 
proach. 



[0006] For coupling of light between a single mode fiber and a 
semiconductor waveguide based device (such as a semi- 
conductor laser), the most commonly used coupling op- 
tics is a lensed fiber. Such a lensed fiber is made by shap- 
ing the end of the fiber into a hemispherical or cylindrical 
lens using lapping and polishing and/or melting means. 
US patent number 5845024, titled "Optical fiber with lens 
and method of manufacturing the same", and US patent 
number 6317550, titled "Lensed optical fiber"elaborate 
upon such optical fiber with lens. 

[0007] However, there are a few problems associated with the 
above-mentioned lenses. For a symmetric lens element, 
such as a GRIN rod lens, or a ball lens or a tapered conical 
lensed fiber, the focused mode profile from a circular op- 
tical fiber is circular. As a semiconductor waveguide al- 
most always has an elliptical mode profile, there is a large 
mode mismatch, which inherently results in low light cou- 
pling efficiency. Thus, the coupling efficiency for coupling 
light between a single mode fiber and a semiconductor 
waveguide based device cannot be very high. In fact, the 
coupling efficiency is only as high as about 80% for such 
lenses. 

[0008] For reducing the problem of mode mismatch and subse- 



quently increasing light coupling efficiency, wedge fibers 
can be used. There are generally two kinds of wedge 
fibers: single wedge fiber and double wedge fibers. Single 
wedge fibers have an elliptical focused beam spot with the 
long horizontal axis spot size basically equal to that of the 
circular single mode fiber spot size. However, as the hori- 
zontal axis mode spot size of a semiconductor waveguide 
(such as a laser diode) is typically only about 3 to 4 urn, 
and the beam spot size of a single mode fiber is about 6 
to 10 pirn, there remains a mismatch in the horizontal 
mode size. A double wedge fiber addresses the problem 
of mismatch in horizontal mode size. Using a double 
wedge fiber, the horizontal mode size can be made to 
match that of a semiconductor waveguide. However, the 
vertical spot size cannot be made to match with that of a 
semiconductor waveguide. 
[0009] jhe above disadvantage of vertical spot size mismatch is 
present in all optical-interface-refraction based lenses 
(including those described above). This is due to the fact 
that the minimum vertical spot size for these lenses is 
about 1.5 urn (for the near infrared optical communication 
spectrum region) while the typical vertical mode size of a 
semiconductor waveguide is about 1 urn. In addition, for 



these lenses, especially lensed fibers, there is a large vari- 
ation in the radius of curvature of the lens because each 
lens is made individually one at a time through processes, 
such as arcing or laser melting, that cannot guarantee 
high precision consistency. Thus, all the above-mentioned 
lenses will have a relatively low coupling efficiency, and 
there is a low consistency in the coupling efficiency. 
[0010] Thus, what is needed in the photonics chip packaging in- 
dustry is a superlens that can provide a focused beam 
spot size, and can independently achieve horizontal and 
vertical phase and/or wave-front matching with those of a 
semiconductor waveguide. In addition, the vertically fo- 
cused spot size must be of the order of about 1 urn in or- 
der to match with that of a typical semiconductor waveg- 
uide. Only by doing so can a light coupling efficiency well 

above 80% become practically achievable. 
Summary of Invention 

[° 011 ] It is a general aim of the invention to provide a superlens 
that can control the size and the phase of an electromag- 
netic beam. 

[0012] | t j S a general aim of the invention to provide a superlens 
that can independently control vertical and horizontal fo- 
cusing. 



[0013] ^ is an aim of the invention to increase the light coupling 
efficiency. 

[0014] | t j S an a j m of the invention to provide a superlens whose 
thickness can be varied in order to achieve the desired 
vertical focus. 

[0015] n is an aim of the invention to provide a superlens whose 
radius of curvature can be varied in order to achieve the 
desired horizontal focus. 

[001 6] it is an aim of the invention to produce a vertically fo- 
cused spot size of at least of the order of lum. 

[0017] n is an aim of the invention to provide a superlens for 
coupling a light beam between an optical fiber and a 
semiconductor waveguide based device. 

[0018] it is a further aim of the invention to provide a superlens 
that can reduce the spot size of a light beam used for op- 
tical storage thereby increasing the optical storage densi- 
tylt is a further aim of the invention to provide a superlens 
that can be used in near-field optics in order to improve 
the transmission efficiency. 

[0019] | n order to attain the abovementioned aims, the present 
invention provides a superlens that has a vertically Graded 
Refractive Index (GRIN) distribution in a multi-layered 
structure. The superlens also has one or more horizontally 



curved sidewalls. The GRIN distribution of the superlens 
enables it to independently control the vertical focus of an 
electromagnetic beam, while the horizontally curved side- 
walls enable the superlens to independently control the 
horizontal focus of the electromagnetic beam. 
[0020] The vertical focus of the electromagnetic beam is con- 
trolled by controlling the thickness of the superlens. By 
changing the thickness, the output light beam can be 
made convergent or divergent. In a preferred embodi- 
ment, the thickness is controlled by photolithography and 
etching. 

[0021] The horizontal focus of the electromagnetic beam is con- 
trolled by controlling the radius of curvature of the side- 
walls. In a preferred embodiment, the radius of curvature 

is controlled by photolithography and etching. 
Brief Description of Drawings 

[0022] The preferred embodiments of the invention will here- 
inafter be described in conjunction with the appended 
drawings provided to illustrate and not to limit the inven- 
tion, wherein like designations denote like elements, and 
in which: 

[0023] FIG. 1 illustrates the concept of light reflection, refraction 
and total internal reflection at an optical interface; 



[0024] FIG. 2 shows the manner in which light is guided in a step 
refractive index waveguide, such as an optical fiber, 
through successive total internal reflection; 

[0025] FIG. 3 (a) shows ray optics picture of focusing a parallel 
light beam using a lens and FIG. 3 (b) shows computer 
simulated wave picture of focusing a parallel light beam 
using a lens; 

[0026] FIG. 4 shows ray optics picture of light beam propagation 
in a graded refractive index ("GRIN") optical medium; 

[0027] FIG. 5 (a) shows side view of vertically graded refractive 

index distribution and computer simulation of vertical fo- 
cusing, FIG. 5 (b) shows top view of horizontally curved 
surface lens and computer simulation of horizontal focus- 
ing and FIG. 5 (c) shows a three-dimensional view of the 
invented lens structure; 

[0028] FIG. 6 (a) shows a computer simulation of vertical focusing 
using pure graded refractive index distribution to a focal 
length or a quarter of the pitch of the GRIN medium and 
FIG. 6 (b) shows a computer simulation of horizontal fo- 
cusing using a convex cylindrical input surface or side- 
wall; 

[0029] FIG. 7 shows computer simulation of vertical focusing (a) 
when the GRIN medium thickness is equal to 16 urn, 



which is just a quarter of the pitch of the GRIN distribu- 
tion, (b) when the GRIN medium thickness is equal to 14 
urn; (c) when the GRIN medium thickness is equal to 12 
urn, (d) when the GRIN medium thickness is equal to 10 
urn, (e) when the GRIN medium thickness is equal to 8 
urn, (f) when the GRIN medium thickness is equal to 6 urn 
and (g) when the GRIN medium thickness is equal to 4 urn; 

[0030] FIG. 8 shows horizontal cylindrical lens and their corre- 
sponding horizontally focused beam spot sizes for varying 
dimensions: (a) thickness T = 10 urn, first radius Rl = 8 
urn, second radius R2 = 8 urn, (b) thickness T = 10 urn, 
first radius Rl = 10 urn, second radius R2 = 10 urn, (c) 
thickness T = 10 urn, first radius Rl = 12 urn, second ra- 
dius R2 = 12 urn, (d) thickness T = 10 urn, first radius Rl 
= 14 urn, second radius R2 = 14 urn, (e) thickness T = 10 
urn, first radius Rl = 16 urn, second radius R2 = 16 urn, 
(f) thickness T = 10 urn, first radius Rl = 18 urn, second 
radius R2 = 18 urn and (g) thickness T = 10 urn, first ra- 
dius Rl = 20 pirn, second radius R2 = 20 urn; 

[0031] FIG. 9 (a) shows computer simulation of vertical focusing 
when a strong focusing GRIN medium (with n Q = 2.2 and n 
= 1.5) has a thickness of 6 urn and FIG. 9 (b) shows com- 
puter simulation of horizontal focusing of a bi-convex 



cylindrical lens with refractive index n = 2.2, first radius 
of curvature Rl = 10, second radius of curvature R2 = -9 
and lens thickness T = 6 um; Fig. 9(c) shows an arbitrary 
curved surfaces to realize arbitrary phase and intensity 
profile transformation in the horizontal direction for the 
input beam. Fig. 9(d) shows an arbitrary refractive index 
profile in vertical direction. 

[0032] FIG. 10 shows measured focus spot sizes along with the 
corresponding optical device: (a) size of about 10 um by 
10 pirn from a standard single mode fiber, (b) size of 
about 4 pirn by 10 um from a wedge fiber, (c) size of about 
4 urn by 3.5 urn from a conical lensed fiber, (d) size of 
about 1 urn by 4 urn from our superlens and (e) size of 
about 1 um by 3.5 um from a semiconductor laser; 

[0033] FIG. 11 is a flowchart depicting the method of fabricating 
the superlens; 

[0034] FIG. 12 shows a Scanning Electron Microscope (SEM) im- 
age of the dry etched vertical input sidewall of a super- 
lens; 

[0035] FIG. 13 shows a Scanning Electron Microscope (SEM) im- 
age of the dry etched curved sidewall surface; and 

[0036] FIG. 14 illustrates the idea of simultaneous multi-channel 
light coupling using a superlens array- packaging plat- 



form. 

[0037] 



Detailed Description 

[0038] The present invention provides an apparatus that can 
control the size and the phase of an electromagnetic 
beam, and can independently focus it in the horizontal 
and vertical directions. The present invention also de- 
scribes a method to create such an apparatus. To improve 
the understanding of the present invention, fundamental 
concepts related to the invention are herein described. 

[0039] Fundamental Concepts:An electromagnetic wave is char- 
acterized by a wavelength and a frequency with which it 
oscillates. Further, the electromagnetic wave travels at a 
speed that depends on the medium through which it is 
traveling. The speed of the electromagnetic wave de- 
creases as it travels from vacuum to a medium. The ratio 
of the speed of electromagnetic wave in vacuum (c) and 
the speed in the medium (v) is a property of the medium 
and is referred to as the refractive index (n) of the 
medium. 

[0040] when the electromagnetic wave travels through a medium, 
the frequency of the electromagnetic wave is unchanged 



while the wavelength is reduced from X in vacuum to X 

3 o eff 

= X /n in the dielectric medium. 

o 

[0041] Electromagnetic wave can be assumed to be a ray travel- 
ing in a straight line within a medium of the same refrac- 
tive index if the size of the medium (such as a lens) is 
much greater than (about ten times) the wavelength of the 
electromagnetic wave. The electromagnetic wave under- 
goes refraction as well as reflection when it travels from 
one medium to the other medium. For example, FIG. 1 
shows an optical interface 110 between two media 120 
and 130. Medium 120 has refractive index n and medium 

i 

130 has refractive index n^ An electromagnetic wave ray 
is reflected back into the first medium 120 and also re- 
fracted/transmitted into the second medium 130. Accord- 
ing to the law of reflection, the angle of incidence (9.) of 
the incident electromagnetic wave ray equals the angle of 
reflection (9 r ) of the reflected electromagnetic wave ray. 
Further, SnelT's law of refraction states that the refraction 
angle (9 t ) is related to the incidence angle (9.) through the 
equation 
[0042] n sin 9 = n sin 9 

i i t t 

[0043] However, if n > n , as 9 increases to a particular value 

i t i 

called the critical angle, 9 will reach 90°, and afterwards, 



the incident electromagnetic ray is totally reflected as is 
shown for electromagnetic ray 140. This phenomenon is 
referred to as total internal reflection. The concept of total 
internal reflection is used in various practical applications. 
For example, total internal reflection is used to guide 
electromagnetic wave through a step refractive index op- 
tical waveguide or fiber as shown in FIG. 2. In FIG. 2, inci- 
dent electromagnetic wave 202 strikes the wall of optical 
waveguide 204 at an angle that is greater than the critical 
angle for the optical waveguide. Hence, the electromag- 
netic wave undergoes total internal reflection resulting in 
the transmission of the electromagnetic wave through the 
waveguide. 

[0044] A n optical interface between two media can be shaped 

into a curved surface. The curved surface so generated is 
also referred to as lens. For example, FIG. 3 (a) shows a 
lens 310 that is constructed by shaping an optical inter- 
face into a convex or concave curved surface form. A par- 
allel beam of electromagnetic wave can be regarded as 
being made up of a number of parallel rays 320. As shown 
in FIG. 3 (a), curved surface lens 310 can be made to en- 
able parallel incident rays 320 to focus to a single point 
330 in space. This is because the outer rays are refracted 



more than the central rays as governed by SnelT's law of 
refraction so that all the rays converge to one point. 

[0045] However, SnelT's law is based on the assumption that the 
electromagnetic wave has infinite wavelength. In reality, 
an electromagnetic wave has a finite wavelength, hence 
the focused electromagnetic wave beam cannot have an 
infinitely small spot size but a finite spot size. For exam- 
ple, FIG. 3 (b) shows a computer simulation of a focusing 
lens based on the wave theory and it can be seen that the 
focused electromagnetic wave beam has a limited spot 
size 340 with a certain intensity distribution. 

[0046] The refractive index of a medium can be constant or vary- 
ing from one point in the medium to the other. For exam- 
ple, FIG. 4 shows a graded refractive index ("GRIN") optical 
medium 400. The material of GRIN optical medium 400 
has refractive index n(r) that decreases continuously from 
a value of n at the central axis (r=0) to a value of n at 

0 b 

the outside border (r=a). The distance r=a is defined as 
the distance from the central axis to the border of the 
GRIN medium. In this example, n(r) has a parabolic refrac- 
tive index distribution given by the formula: 
[0047] n ( r ) = n [ 1- A (r/a) 2 ] 

[0048] a = (n - n )/ n 

0 b 0 



[0049] This refractive index distribution causes electromagnetic 
wave rays 410 propagating longitudinally through GRIN 
optical medium 400 to bend towards the central axis and 
to be periodically refocused. If GRIN optical medium 400 
is cut to the right length, the GRIN optical medium 400 
can function as a lens to focus or expand and collimate a 
beam of electromagnetic wave. The focal length (f) (also 
called a quarter of the pitch) of such a GRIN medium is 
approximated by the following formula. 

[0050] f = aTT/(2V2 A) 

[0051] As described above, the focused point or spot for electro- 
magnetic wave beam or pulse has a finite size. Given the 
aperture of a GRIN lens r=a, the shorter the focal length, 
the smaller is the focused spot size. Accordingly, in the 
case of GRIN medium 400, a smaller focused spot size can 
be achieved by increasing A (which is dominated by the 
index difference between the central axis and the end 
point of the lens). However, there is a physical limit to 
which the spot size can be reduced. This limit referred to 
as the diffraction limit states that the smallest focused 
spot size of any electromagnetic wave is about the size of 
the wavelength in the medium where the focusing occurs. 
In the case of a GRIN lens, the focused electromagnetic 



wave beam is located near the central axis, where the re- 
fractive index is the highest. Hence, if a high refractive in- 
dex material is used at the central axis, a much smaller 
diffraction-limited beam spot size can be achieved be- 
cause the wavelength of light in a material is equal to the 
vacuum wavelength divided by the refractive index of that 
material. 

[0052] Embodiments of the present invention:A preferred em- 
bodiment of the present invention describes an apparatus 
that combines a vertically GRIN multi-layer structure with 
a curved sidewall surface lens structure. This combination 
creates a two dimensional lens that can independently fo- 
cus an electromagnetic wave beam in the vertical and hor- 
izontal directions. In a preferred embodiment, the electro- 
magnetic wave beam is a light beam. The combined struc- 
ture is hereon referred to as superlens. FIG. 5 (a), 5 (b) 
and 5 (c) show a preferred embodiment of the superlens. 
FIG. 5 (a) shows the side view of a vertically GRIN lens 
structure. FIG. 5 (b) gives the top view of the preferred 
horizontally curved surface cylindrical lens structure, and 
FIG. 5 (c) shows a 3-dimensional view of the preferred 
lens structure. 

[0053] The superlens, in accordance with a preferred embodi- 



ment of the present invention, is used for simultaneous 
focusing of a light beam to the same focal plane along the 
optical axis in both the vertical direction and the horizon- 
tal direction. Independent control for focusing the light 
beam also allows a user to offset the vertical and horizon- 
tal focal planes. Further, the superlens allows the user to 
control the phase or wavefront of the incident light beam 
in such a way that the focused light beam can be deliber- 
ately made properly astigmatic. This is used to match de- 
sired off set for some channel optical waveguide devices, 
such as some semiconductor lasers for which the vertical 
and horizontal beam waists are not at the same location 
along the optical axis. The method to control vertical and 
horizontal focusing is further described using FIG. 6 (a) 
and FIG. 6 (b). 

[0054] FIG. 6 (a) and FIG. 6 (b) respectively show computer simu- 
lation of vertical focusing using a pure GRIN distribution 
and horizontal focusing using a convex cylindrical input 
surface or sidewalk For the sake of illustration, it is as- 
sumed that superlens 600 has a height of 12 urn and a 
width of 12 urn. Further, the light beam is circular in 
shape and has a diameter of 10 urn. The diameter of the 
light beam corresponds to a typical mode size of a stan- 



dard single mode optical fiber at a wavelength of 1.55 |jm 
in vacuum. Thickness of superlens 600 is assumed to be 
16 pirn, which is equal to the focal length of the vertical 
GRIN medium. This ensures that a parallel beam incident 
on superlens 600 is vertically focused with the vertical fo- 
cal plane substantially close to the output or exit optical 
interface. Note that the example is chosen only for the 
purpose of illustration, and in no way should it be con- 
strued as limiting the scope of the invention, which, in 
turn, is determined by the appended claims. 
[0055] Horizontal focusing using superlens 600 is done by creat- 
ing a horizontal curved sidewall on the input side of su- 
perlens 600. The curved surface can be of various forms 
such as cylindrical, spherical, aspherical and toric. In a 
preferred embodiment, convex cylindrical curved surface 
is used for the superlens. Further, the horizontal and ver- 
tical focusing is done in a common focal plane by proper 

selection of radius of curvature R of the cylindrical curved 
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surface. 

[0056] a feature of the horizontal and vertical focusing is that the 
depth of focus for the horizontal focusing is larger than 
that for the vertical case. This is because the vertical fo- 
cusing power is higher than the horizontal one or the ver- 



tically focused spot size is smaller than the horizontal 
one. 

[0057] The method of vertical and horizontal focusing is now 

further described. For the sake of illustration, assume that 
superlens 600 has a GRIN distribution n(r) = n [1- A (r/a) 

2 

] , where A = (n - n )/ n , 8n = n - n and vertical fo- 
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cal length (f) is f = aiT/(2V2 A). Possible methods to inde- 
pendently control the spot size vertically as well as hori- 
zontally are described herein after. 

[0058] one simple method to adjust the vertical focused spot 

size to a large value is to etch superlens 600 to a smaller 
total thickness (also called length) so that electromagnetic 
beam focusing occurs in the next uniform optical 
medium. In most practical cases, the next uniform optical 
medium is air with a refractive index of one. This method 
is further described using FIG. 7 (a) to FIG. 7 (g). 

[0059] FIG. 7 (a) to FIG. 7 (g) show the computer simulation of an 
exemplary vertical GRIN medium with refractive index dis- 
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tribution n(y) = 2.05 0.3(y/6um) with various total thick- 
ness and the computer simulation of light beam focusing 
for each case. This distribution is chosen only for the pur- 
pose of illustration, and there are numerous other distri- 
butions that achieve the same result. The parallel circular 



input light beam size is assumed to be 10 urn, which cor- 
responds to the typical mode size of a standard single 
mode optical fiber. FIG. 7 (a) to FIG. 7 (g) show that with 
the reduction of the total length or thickness of the verti- 
cally GRIN medium from 16 um to 4 urn, the vertically fo- 
cused light beam spot size is monotonically increased. 
Additionally, the focal plane is also moved towards the in- 
put side of the GRIN medium. 
[0060] There is a practical limit to the smallest total thickness of 
the lens and as photolithography is used to make a dry 
etch mask, a reasonable thickness limit is about 4 um. 
Since the vertically focused spot size increases as the lens 
thickness decreases and also there is a limit to the practi- 
cal lens thickness, one method to enhance the range of 
vertically focused spot size is to come up with a few stan- 
dard vertically GRIN distribution. Some of the distributions 
have very strong focusing power and others have less fo- 
cusing power. Further, each GRIN distribution is etched 
into different lens thickness. For example, to cover a 
range of vertical spot size from 1 um to 5 urn, two stan- 
dard GRIN distributions are such that one has a smallest 
focused spot size of 1 urn and the other has a smallest 
focused spot size of 3 urn. Additionally, in FIG. 7 (a) to 



FIG. 7 (g), along with the decrease in the GRIN medium 
thickness, the focused spot size can actually be controlled 
to vary from around 1 urn to around 3 urn. 
[0061] while vertical focusing is controlled by controlling thick- 
ness of the superlens, horizontal focusing is controlled by 
giving proper shape to the curved sidewalk This control 
involves design and etching of the curved input and out- 
put sidewalls to adjust the sidewall surface profile. In one 
preferred embodiment, the design should be such that the 
horizontal focal plane coincides with the vertical focal 
plane and the horizontal focused spot size can be con- 
trolled to a desirable value. The method to control hori- 
zontal spot size is further explained using FIG. 8 (a) to 
FIG. 8 (g). 

[0062] FIG. 8 (a) to FIG. 8 (g) corresponds to the case of FIG. 7 (d) 
in which the vertical GRIN medium has a thickness of 10 
urn and the vertical focal plane is located at about 12 urn 
from the input side. Horizontal focusing is a function of 
the radius of curvature of the input and output cylindrical 
sidewalls. In a preferred embodiment of the present in- 
vention, first radius Rl of the input cylindrically convex 
surface is designed to be equal to second radius R2 of the 
output cylindrically concave surface. By keeping the two 



radii of curvature of the two sidewalls substantially equal 
to each other but with the first one convex and the second 
one concave, the focal plane is more or less maintained at 
the same location of about 12 urn from the input side of 
the superlens. FIG. 8 (a) to FIG. 8 (g) show that as the ra- 
dius of curvature of the horizontally cylindrical sidewall is 
increased, the focused electromagnetic beam size also in- 
creases. 

[0063] a point to note is that in the computer simulation the re- 
fractive index of the superlens medium is assumed to be 
equal to 2.05, which is the center refractive index of the 
assumed GRIN distribution. Central refractive index is 
chosen over the average refractive index for the GRIN dis- 
tribution. This is because most of the optical energy of a 
Gaussian electromagnetic beam (this is the case for an 
electromagnetic beam in an optical fiber or in a semicon- 
ductor channel waveguide) is located in the central region. 
Secondly, since the GRIN distribution is assumed 
parabolic, a major part of the GRIN distribution has a re- 
fractive index that is close to the central refractive index. 

[0064] Further, the vertically central portion of the beam is hori- 
zontally focused more strongly than the vertical non- 
border portion of the beam. This is due to the difference 



of the refractive index in the vertical direction as one 
move from the central axis to the border. This slight devi- 
ation causes the focused electromagnetic beam not to be 
perfectly Gaussian in the horizontal direction. However, 
the computer simulation shows that the influence to the 
overall light coupling efficiency is minimum once the 
mode size and phase is matched for the central portion of 
the light beam. In an alternative embodiment, this prob- 
lem can be overcome by etching the input and the output 
sidewalls of the lens into a three dimensional curved sur- 
face such that along with the departure from the vertical 
central region of the GRIN distribution, the horizontal ra- 
dius of curvature is made to have a smaller value gradu- 
ally to balance out the effect of the refractive index de- 
crease. This ensures that the vertical border portion of the 
electromagnetic beam is focused by the same amount as 
the vertical central portion of the beam. 
[0065] | n a preferred embodiment, the input sidewall is taken to 
be convex and output sidewall to be concave. However, 
the above method for horizontal and vertical focusing can 
also be applied for other shapes of sidewalls. Further, if 
the thickness of the superlens is very small, the present 
invention also achieves a relatively small horizontal fo- 



cused spot size and at the same time keeps the horizontal 
focal plane to coincide with the vertical focal plane. This 
feature is further highlighted using the example described 
using FIG. 9 (a) and FIG. 9 (b). 
[0066] The example in FIG. 9 (a) and FIG. 9 (b) show an alternate 
embodiment of a superlens 900 that has convex input and 
output sidewalk In FIG. 9 (a), the vertical parabolic GRIN 
medium has a relatively strong focusing power with re- 
fractive index at the center n = 2.2 and refractive index 
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at the border n = 1.5 and the thickness of the lens T = 6 
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urn. The vertical focal plane is located in air at about 8.5 
urn from the input side of the superlens. FIG. 9 (b) shows 
the horizontal structure of superlens 900 and the com- 
puter simulation of light propagation. The assumed values 
for the horizontal superlens curved surface are: refractive 
index n = 2.2, first radius of curvature Rl = 10, second 
radius of curvature R2 = -9 and superlens thickness T = 6 
urn. The computer simulation in FIG. 9 (a) and (b) shows 
that the 10 urn wide parallel incident light beam can be 
made to focus horizontally at the same distance from the 
input surface as that for the vertically focused beam. This 
example shows that in addition to the vertically GRIN dis- 
tribution, both the first or input sidewall and the second 



or output sidewall can be made to have different sidewall 
surface profiles to cater for various requirements and ap- 
plications. 

[0067] The method of horizontal and vertical focusing described 
above allows transformation of an electromagnetic beam 
to various circular or elliptical or other desirable intensity 
profiles Further, the method also caters to various phase 
matching needs. For example, in the case of beam size 
transformation from a single mode fiber to a semiconduc- 
tor channel waveguide, the vertically focused beam size 
can be controlled to vary from 0.5 urn to 10 urn and the 
horizontally focused beam size can be controlled to vary 
from 2 urn to 10 urn. Such a wide range is beneficial to 
the current photonics chip packaging industry simply be- 
cause other lenses known in the art cannot focus a light 
beam to less than 1.5 urn in the vertical direction and the 
required vertically focused beam size is about 1 urn which 
can be easily achieved with the invented superlens. As the 
horizontal curved surfaces are defined by lithography and 
etching, arbitrary curved surfaces can be formed to realize 
arbitrary phase and intensity profile transformation in the 
horizontal direction for the input beam. An example of 
such arbitrary profile is illustrated in FIG. 9(c), wherein the 



front and back curve surfaces of the lens have curvilinear 
shape shown in 1000. Likewise, as the graded refractive 
index profile can be fabricated by material deposition, one 
method of which is described in a pending patent No. 
10/652,269, entitled "Varying Refractive Index Optical 
Medium Using At Least Two Materials With Thicknesses 
Less Than A Wavelength", arbitrary refractive index profile 
can be formed to realize arbitrary phase and intensity 
profile transformation in the vertical direction for the in- 
put beam. An example of such arbitrary profile is illus- 
trated in FIG. 9 (d), wherein the refractive index is peaked 
at a location below the middle of the lens with the varying 
refractive index profile n (y) shown in 1100. 
[0068] The advantage of the present invention over the existing 
technology is further highlighted using FIG. 10. FIG. 10 
gives a comparison of the measured light output spot size 
from a single mode fiber as shown in FIG. 10 (a), a wedge 
fiber as shown in FIG. 10 (b), a conical lensed fiber as 
shown in FIG. 10 (c), superlens in accordance with a pre- 
ferred embodiment of the present invention as shown in 
FIG. 10 (d) and a standard semiconductor laser as shown 
in FIG. 10 (e). The focused spot size from the superlens as 
shown in FIG. 10 (d) matches very well with the spot size 



of the measured semiconductor laser while there is a rela- 
tively large mismatch for either the wedge fiber or the 
conically tapered lensed fiber. Further, the superlens of 
the preferred embodiment also achieves a coupling effi- 
ciency that is about 10 to 20 % higher than the existing 
commercially available conical lensed fibers or wedge 
fibers. 

[0069] | n a preferred embodiment, the optical medium on the left 
of the superlens is assumed to be same as the optical 
medium on the right of the superlens. However, the opti- 
cal medium on the left of the superlens can also be differ- 
ent from the optical medium on the right of the superlens. 
This optical medium may be an optical fiber. Further, 
there can be a small air gap between the optical fiber end 
face and the superlens input sidewalk 

[0070] Anti-reflection coating can also be deposited on both the 
left and the right sidewall of the superlens to substantially 
reduce reflection at the two optical interfaces. For exam- 
ple, on the left side, if there is a small air gap between the 
optical fiber end face and the superlens input sidewall, 
then an anti-reflection coating can be deposited on both 
the fiber-to-air interface and the air-to-superlens inter- 
face to increase light transmission and therefore increase 



light coupling efficiency. Anti-reflection coating design 
depends on the refractive index distribution of the super- 
lens. Hence, for the present invention, the anti-reflection 
coating design can be based on either the central refrac- 
tive index or the average refractive index or an optimized 
equivalent refractive index that will lead a maximum light 
transmission. 

[0071] The light transmission efficiency can be further improved 
by filling the air gap with a third optical medium. Such a 
medium can be properly selected to have a refractive in- 
dex that matches the fiber core refractive index. The 
matching of refractive index between the fiber core and 
third optical medium ensures that there is only one optical 
interface between the fiber core and the superlens mate- 
rial. The anti-reflection coating can then be properly de- 
signed to maximize light transmission across this inter- 
face. 

[° 072 ] Similarly, on the right side of the lens, a semiconductor 
waveguide can be butt-joined to the superlens with a tiny 
air gap. Again, anti-reflection coatings can be deposited 
on either the superlens sidewall, or the semiconductor 
end face (depending on whether this is needed) or on 
both surfaces. In a similar way, the air gap can be filled 



with another optical medium, which may or may not need 
to serve any index matching purposes. For example, a 
fiber can be placed on the left side of the superlens and a 
photonic chip on the right side of the superlens. In this 
case both the left air gap and the right air gap are filled 
with the same optical medium such as an optical gel or a 
transparent optical polymer that is refractive index 
matched to the fiber core. The anti-reflection coating can 
then be deposited on the required surfaces to maximize 
light transmission. 

[0073] Apart from the embodiment of the present invention de- 
scribed above, various variations of the present invention 
are also possible. 

[0074] The GRIN distribution is not limited to parabolic distribu- 
tion. The invention works for any arbitrary distribution. 
For example, a proper choice of the GRIN distribution (not 
necessarily parabolic) can used to match a focused light 
intensity profile that is not Gaussian. Further, the electro- 
magnetic wave spectrum covers all wavelength regions 
such as visible, infrared, Radio Frequency (RF), TeraHertz 
waves. 

[0075] The superlens can also be used for any electromagnetic 
beam size (not necessarily 10 urn beam size). For exam- 



pie, the electromagnetic beam size can be of the order of 
about 50 pirn or 62.5 urn to cover the case of standard 
multimode fibers. The superlens structure can be accord- 
ingly changed to enable efficient light coupling between 
such a multimode fiber and a semiconductor waveguide 
device. 

[0076] | n the above embodiments, it has been assumed that a 

parallel electromagnetic beam is incident from the left and 
is focused in another optical medium to the right of the 
superlens. However, electromagnetic beam can propagate 
in either direction. An example of electromagnetic beam 
being incident from the right is the case of light coupling 
from a semiconductor laser to a single mode fiber. For 
this case, light should travel in the reverse direction i.e. 
from right to left. 

[° 077 ] In short, the invented superlens structure covers various 
wavelength, various GRIN distributions, various beam 
sizes and various superlens physical dimensions. 

[0078] Further, total thickness of the superlens need not be less 
than or equal to one focal length (a quarter of the GRIN 
medium pitch). If the superlens has a thickness that is be- 
tween one quarter and half the pitch of the GRIN medium, 
a parallel incident beam emerges in the vertical direction 



from the output surface in a divergent or collimated man- 
ner. Similarly, if the superlens has a thickness between 
half and three quarter the pitch of the GRIN medium, a 
parallel incident beam emerges from the output surface in 
a convergent manner in the vertical direction. Hence, the 
effect in vertical direction is similar to the case when the 
superlens thickness is within a quarter of the pitch. How- 
ever, the horizontal focusing is different since the thick- 
ness has changed. This argument can be further extended 
to even larger values of the superlens thickness and the 
present invention covers all such cases. In general, for a 
superlens with pitch f, if the superlens has thickness be- 
tween [(2n-l)/4]f and nf/2, where n is a natural number, 
then a parallel incident beam emerges in the vertical di- 
rection from the output surface in a divergent or colli- 
mated manner. If the superlens has thickness between nf/ 
2 and [(2n + l)/4]f, where n is a natural number, then a 
parallel incident beam emerges in the vertical direction 
from the output surface in a convergent manner. 
[0079] This feature gives the present invention an advantage over 
another pending U.S. Patent Application Serial No. 
10/083,674, "Integrated Planar Composite Coupling 
Structures for Bi-directional Light Beam Transformation 



Between a Small Mode Size Waveguide and a Large Mode 
Size Waveguide", filed October 22, 2001, in the names of 
Yan Zhou and Seng-Tiong Ho. The pending patent appli- 
cation achieves horizontal beam narrowing using horizon- 
tally tapered waveguide. However, due to the limitation in 
the tapering angle, the length of the tapering section 
needs to be made quite long (of the order of about 100 
urn). Further, along the tapering waveguide section, there 
exist relatively long sidewalls on both sides of the waveg- 
uide, which cannot be made perfectly scatterless. This re- 
sults in significant light propagation loss. In the present 
invention, in addition to the fact that the total distance of 
light propagation in the superlens medium can be made 
much less (of the order of about 10 urn), there are also no 
waveguide- related sidewalls, as a result, light propagation 
loss is substantially reduced. 
[0080] The fabrication methods for the superlens structure de- 
scribed above exist in the prior art. The GRIN film can be 
deposited using a variety of well-established technologies 
as has been elaborated in pending U.S. Patent Application 
Serial No. 10/083,674, "Integrated Planar Composite Cou- 
pling Structures for Bi-directional Light Beam Transforma- 
tion Between a Small Mode Size Waveguide and a Large 



Mode Size Waveguide, "filed October 22, 2001, in the 
names of Yan Zhou and Seng-Tiong Ho, pending U.S. 
Patent Application filed with U.S. Patent Office on August 
28, 2002, File No: 021040-001100US, entitled "Optical 
Beam Transformer Module for Light Coupling between a 
Fiber Array and a Photonic Chip and the Method of Making 
the Same," filed in the names of Yan Zhou, Shide Cheng 
and Seng-Tiong Ho, and U.S. Patent Application filed with 
U.S. Patent Office on August 28, 2002, File No: 
021040-001000US, entitled "Varying Refractive Index Op- 
tical Medium Using At Least Two Materials With Thick- 
nesses Less Than A Wavelength", filed in the names of Yan 
Zhou and Seng-Tiong Ho. 
[0081] For example, the pending application File No: 

021040-001000US, entitled "Varying Refractive Index Op- 
tical Medium Using At Least Two Materials With Thick- 
nesses Less Than A Wavelength", filed in the names of Yan 
Zhou and Seng-Tiong Ho describes a method to construct 
the GRIN distribution using multiple thin layers of optical 
media with different refractive indices. The method is 
based on the assumption that if the layer thickness is 
small, there is a negligible difference in the focusing ef- 
fect between a continuously GRIN distribution and a step- 



GRIN distribution provided by multiple thin layers of ma- 
terials with different refractive indices. The pending appli- 
cation also mentions that by employing two (or more) ma- 
terials having a relatively large refractive index difference, 
a structure having an effective GRIN (e.g., a parabolic dis- 
tribution) can be created. Further, by using a high refrac- 
tive index material and a low refractive index material, a 
parabolic GRIN structure can be made to have a very high 
focusing power. Hence the spot size of the focused elec- 
tromagnetic beam can be made very small (e.g., less than 
1.0 pirn for electromagnetic wave having a wavelength of 
1.5 um in air). 

[0082] The curved input and output sidewall surface formations 
are achieved through photolithography and etching. This 
method is illustrated using a flowchart in FIG. 11. The 
fabrication step begins with the deposition of GRIN film as 
shown in step 1102. In step 1104, a metal layer or a 
polysilicon layer, which is later used as dry etch mask, is 
deposited on top of the GRIN film. A photoresist film is 
then spin-coated on the metal or polysilicon film in step 
1106. The horizontal curved surface pattern is then made 
on a standard photomask in step 1108. The pattern is 
then transferred to the photoresist layer using UV expo- 



sure with the help of a standard mask aligner in step 
1 1 10. After the development of the photoresist, dry etch- 
ing is employed to transfer the horizontal pattern from 
the photoresist to the metal or polysilicon in step 1112. 
Finally, in step 1114, dry etching of the GRIN film creates 
the desired curved surface structure by using the metal or 
polysilicon pattern as a dry etch mask. The curved side- 
wall profile is controlled by varying the plasma processing 
parameters such as temperature, induction coupled 
plasma power or RF power, DC biased voltage, chamber 
pressure and gas mixture. 

[0083] An example of the dry etched vertical input sidewall of a 
superlens is shown in FIG. 12. While FIG. 12 shows a 
scanning electron microscope image of a vertical straight 
input sidewall, it is also possible to create vertically 
curved sidewall. This can be done by changing the plasma 
processing parameters, or by combining dry etching with 
wet etching. FIG. 13 shows such a case. The present in- 
vention also allows the use of dry or wet etching process 
to create desirable sidewall surface profiles of the super- 
lens according to the needs. 

[0084] The superlens structure of the present invention can be 

fabricated on any solid substrate. For example, the super- 



lens can be directly fabricated on a Si, or GaAs, or InP 
substrate together with photonic and electronic ICs as well 
as fiber positioning grooves such as V or U-groove. In 
such a case, the connection between a superlens and 
channel waveguide is defined using photolithography, 
which provides inherent high precision alignment. Further, 
such a structure can be used in the same way as a lensed 
fiber. The superlens can also be fabricated on a substrate 
next to a flip-chip bonding area. This ensures that when a 
photonic chip is flip-bonded next to the superlens, its 
output beam is circularized. As a combination of the 
above two case, a superlens can be fabricated in between 
a fiber positioning V-groove and a flip-chip bonding re- 
gion. The combined structure enables one to achieve 
completely passive fully automated photonic chip packag- 
ing and fiber pig-tailing. 

[0085] Further, the superlens can also be fabricated in an array 
form. The array form superlens can then be applied to 
multichannels light coupling into or out of a multi-port 
photonic chip. This is very difficult to achieve using indi- 
vidual lensed fibers. An example of array form superlens 
coupled to multi-port photonic chip is shown in FIG. 14. 

[0086] As a further extension, the substrate material can be Si 



with microelectronic circuits for driving the photonic chip 
as well as for signal processing. The superlens can be 
fabricated on the Si substrate next to the photonic flip- 
chip bonding region. An advantage of such an arrange- 
ment is that the short distance between the photonic chip 
and the electronics ciucuits improves high-speed commu- 
nication between optics and electronics. 

[0087] while the preferred embodiment of the present invention 
is applicable to electromagnetic beam focusing, it can also 
be used in other applications. One example is in near- 
field optics for the transformation of an electromagnetic 
beam to a small mode size. In the existing technology, the 
transformation is achieved by tapering the fiber to a small 
tip (e.g., tens of nanometers) at one end and coating the 
outside of the tapered region with a metal film to prevent 
light from escaping. However, by this method, most of the 
light (as much as 99.99%) is lost during the electromag- 
netic beam size transformation process. Replacing such 
tapered fibers with the superlens of the present invention 
can improve the transmission efficiency substantially. 

[0088] Another application relates to optical data storage, where 
the storage density can be limited by the spot size of light 
beams used to record and/or read the data. In existing 



optical storage devices, discrete optical elements (prisms, 
lenses, wave plates, etc.) are used to make the optical 
head and to focus a light beam from a semiconductor 
laser to a spot size of a few microns. Using a superlens 
according to an embodiment of the present invention, the 
focused spot size can be made much smaller, and the 
storage density can be substantially increased. 
[0089] while the preferred embodiments of the invention have 

been illustrated and described, it will be clear that the in- 
vention is not limited to these embodiments only. Numer- 
ous modifications, changes, variations, substitutions and 
equivalents will be apparent to those skilled in the art 
without departing from the spirit and scope of the inven- 
tion as described in the claims. 



